Abstract
Introduction
Genetic susceptibility plays an important role in the development and/or progression of type 2 diabetes. Genome-wide association studies (GWAS) for type 2 diabetes have been extensively conducted worldwide, and over 80 susceptibility loci have been identified [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The association between susceptibility loci for type 2 diabetes identified in European GWAS and the disease have been evaluated in the Japanese population, and many European GWAS-derived loci were found to be associated with type 2 diabetes in Japanese populations, whereas others were not [8, 11, 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] In 2012, a European GWAS meta-analysis identified 8 novel loci: rs12571751 in the zinc finger miz-domain containing 1 gene (ZMIZ1), rs10842994 near the kelch domain containing 5 gene (KLHDC5), rs2796441 near the transducin-like enhancer of split 1 gene (TLE1), rs459193 near the ankyrin repeat domain-containing protein 55 gene (ANKRD55), rs10401969 in the cartilage intermediate layer protein 2 gene (CILP2), rs12970134 near the melancortin 4 receptor gene (MC4R), rs7202877 near the breast cancer antiestrogen resistance 1 gene (BCAR1), rs516946 in the ankyrin 1 (ANK1) [16] . Subsequently, in a sex-differentiated analysis followed by a meta-analysis, rs11063069 near the cyclin D2 gene (CCND2) and rs8108269 near the gastric inhibitory polypeptide receptor gene (GIPR) were shown to be associated with type 2 diabetes with a genome-wide significance level, and the effect of CCND2 locus was stronger in male, whereas the association of the GIPR locus was more significant in female [16] . Moreover, rs8090011 in the laminin alpha-1 gene (LAMA1) has been shown to be associated with non-obese European type 2 diabetes [15] . Among the 11 loci, an independent Japanese GWAS identified ANK1 as a susceptibility locus for type 2 diabetes [17] . However, the remaining 10 SNP loci have not been well evaluated in the Japanese population, although the association of 4 SNP loci (rs12571751, rs2796441, rs4591937 and rs7202877) with type 2 diabetes has been suggested [18] .
In this study, we examined the association of these 10 susceptibility loci, originally identified in European GWAS, with type 2 diabetes in a Japanese population. We enrolled 4,280 type 2 diabetes patients who regularly visited the outpatient clinics of the Shiga University of Medical Science, Kawasaki Medical School, St. Marianna University, Juntendo University, and the University of Toyama or who were registered in BioBank Japan [11] . Diabetes mellitus was diagnosed according to the World Health Organization (WHO) criteria [30] , and type 2 diabetes was clinically defined as a gradual adult-onset diabetes. Patients who tested positive for antibodies to glutamic acid decarboxylase or who were diagnosed with a monogenic form of the disease, such as mitochondrial disease or maturity-onset diabetes of the young, were excluded from the present study. We also recruited 2,692 controls who underwent annual health check-ups at Keio University, St. Marianna University, or Toyama University Hospital or from the general Japanese population registered in the Japanese single nucleotide polymorphism (SNP) database [11] . Peripheral blood samples for genomic DNA were extracted using the standard phenol-chloroform procedure. Obesity was defined as body mass index (BMI) ! 25 kg/m 2 according to the criteria of the Japan Society for the Study of Obesity [31] .
Ethics Statements
All participants agreed to the protocol of this study and provided written informed consent. The study protocol was approved by the ethics committees of RIKEN Yokohama Institutes and each of the participating institutes: Shiga University of Medical Science, Kawasaki Medical School, St. Marianna University, Juntendo University, the University of Toyama, and Keio University.
SNP Genotyping
We selected 10 autosomal SNPs identified by European GWAS in 2012, including, rs12571751 in ZMIZ1, rs10842994 near KLHDC5, rs2796441 near TLE1, rs459193 near ANKRD55, rs10401969 in CILP2, rs12970134 near MC4R, rs7202877 near BCAR1, rs11063069 near CCND2, rs8108269 near GIPR [16] , and rs8090011 in LAMA1 [15] . Genotyping was performed using the multiplex-polymerase chain reaction (PCR) invader assay as reported previously [32] . The genotyping success rates for all of the SNPs were over 95.8% (S1 Table) . The genotype concordance rates in the 64 duplicated samples were 100%. We did not observe any significant correlation among any SNP combinations in terms of calculated regression co-efficient (r square) in this analysis.
Statistical Analysis
We performed Hardy-Weinberg equilibrium (HWE) tests according to the method described by Nielsen et al. [33] . Differences in the genotype distribution of each SNP between cases and controls were evaluated by a logistic regression analysis with or without adjustment for age, sex, and BMI. The association of each SNP with quantitative traits, fasting plasma glucose (FPG), BMI, the homeostasis model assessment of beta-cell function (HOMA-β), and the HOMA of insulin resistance (HOMA-IR) [34, 35] was evaluated by multiple linear regression analysis. Because the values of these traits in the present Japanese population showed a skewed distribution, we used log-transformed values for the analyses. Genotypes of each SNP were scored using an additive model (0, 1, and 2 for the homozygous of non-effect allele, heterozygous, and homozygous of effect allele, respectively). Statistical analyses were performed using StatView software (SAS Institute, Cary, NC, USA).
Significance was determined by Bonferroni's method for correcting multiple testing errors, and p < 0.005 (0.05 divided by 10) was considered statistically significant.
Results
Clinical characteristics of the participants are shown in Table 1 . The genotype distributions of all SNPs were in accordance with the Hardy-Weinberg equilibrium proportions, except for rs12571751 in type 2 diabetes cases ( Table 2) . Of the 7 SNPs previously shown to be associated with type 2 diabetes in European GWAS un-stratified analyses; rs12571751 in ZMIZ1, rs10842994 near KLHDC5, rs2796441 near TLE1, rs459193 near ANKRD55, rs10401969 in CILP2, rs12970134 near MC4R and rs7202877 near BCAR1 [16] , all 7 SNPs had the same direction of effect (odds ratio > 1.0 adjusted for sex, age and BMI) as in the original reports (p = 7.81 × 10 -3 , binomial test, Table 3, S2 Table) . Among them, rs12571751 in ZMIZ1 was significantly associated with type 2 diabetes even after Bonferroni's correction in this study (p = 4.1 × 10 -3 , odds ratio [OR] = 1.123, 95% confidence interval
[CI] 1.037-1.215, adjusted for sex, age and BMI; Table 3 ). Rs10842994 near KLHDC5 was nominally associated with type 2 diabetes, but did not show a statistically significant association after Bonferroni's correction (0.005 p < 0.05, adjusted for sex, age and BMI; Table 3 ). The remaining 5 SNPs were not associated with type 2 diabetes (p ! 0.05, adjusted for sex, age and BMI; Table 3 ). When we constructed a genetic risk score (GRS) by summing the number of risk alleles for the 7 SNPs (GRS-7), the GRS-7 was significantly associated with type 2 diabetes in the present Japanese population (p = 2.3 × 10 -4 , adjusted for sex, age and BMI; Table 3 ).
We also constructed GRS-6 by excluding rs12571751 in ZMIZ1 from the GRS-7, and observed that the GRS-6 was associated with type 2 diabetes in the Japanese population (p = 7.9 × 10 -3 , adjusted for sex, age and BMI; Table 3 ).
The remaining 3 SNPs, rs11063069 near CCND2 and rs8108269 near GIPR, which were identified in sex-differentiated European GWAS [16] , and rs8090011 in LAMA1, which was shown to be associated with non-obese European type 2 diabetes [15] , were not associated with type 2 diabetes in the un-stratified analyses in this study (p ! 0.05, adjusted for sex, age and BMI; Tables 4 and 5 ).
In subsequent sex-differentiated analyses, rs8108269 near GIPR was nominally associated with type 2 diabetes in female, but the association was not significant after Bonferroni's correction (p = 0.038, adjusted for age and BMI; Table 4, S3 Table) . Rs11063069 was not associated with type 2 diabetes in the sex-differentiated analyses (p ! 0.05, adjusted for age and BMI; Table 4 , S3 Table) . In BMI-stratified analyses, we did not observe any association of rs8090011 in LAMA1 with type 2 diabetes (p ! 0.05, adjusted for sex, age and BMI; Table 5, S3 Table) . We also performed BMI-stratified analyses using cutoff value of 30 kg/m 2 , but did not observe any association of rs8090011 in LAMA1 with type 2 diabetes (S4 Table) .
We further examined the association of the 10 SNPs with quantitative glycemic traits, HOMA-IR, HOMA-β and FPG using control participants (Tables 6, 7 and 8). Rs11063069-G near CCND2 was significantly associated with a decrease of HOMA-β in male (p = 0.0048, adjusted for age and BMI; Table 7 ). Rs8090011-G in LAMA1 was nominally associated with a decrease of HOMA-β, and with an increase of FPG in un-stratified analyses (0.005 p < 0.05 adjusted for sex, age and BMI; Table 8 ). The remaining 8 SNP loci and the GRS-7 were not associated with these glycemic traits in this study (p ! 0.05, Tables 6, 7 and 8). We also examined the association of the risk allele of 10 SNP loci with BMI, but none of 10 SNP loci was associated with BMI (p ! 0.05 adjusted for sex and age; S5 Table) .
Discussion
In this study, we examined the association of 7 SNPs, rs12571751 in ZMIZ1, rs10842994 near KLHDC5, rs2796441 near TLE1, rs459193 near ANKRD55, rs10401969 in CILP2, rs12970134 near MC4R, and rs7202877 near BCAR1, with susceptibility to type 2 diabetes in a Japanese population, and found that rs12571751 in ZMIZ1 was significantly associated with type 2 diabetes in the Japanese population. We also examined the effects of 3 additional SNP loci, rs11063069 near CCND2 and rs8108269 near GIPR, which were identified in sex-differentiated analyses [16] , and rs8090011 in LAMA1, which was shown to be associated with non-obese (Tables 4 and 5, S3 Table) . Genome-wide association studies for type 2 diabetes have been conducted extensively in different ethnic groups, and have successfully identified over 80 susceptibility loci thus far [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Among them, over 50 loci were identified by GWAS in European populations [1] [2] [3] [4] [5] [6] 9, 10, 15, 16] , and many of the European GWAS-derived loci have been shown to be associated with type 2 diabetes in other ethnic groups, whereas others did not have significant effects in populations of non-European origin [8, 11, 18, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . In some cases, the sample size was not sufficient, but there may be significant interethnic differences in the effect sizes at several loci; therefore, it is important to evaluate the effect of each locus in different ethnic groups [18, 27] . Among 7 SNPs identified in un-stratified European GWAS meta-analyses, rs12571751 in ZMIZ1 was significantly associated with type 2 diabetes in the present Japanese population, indicating that this locus was common susceptibility locus for type 2 diabetes across different ethnic groups. The effect size for rs12571751 in this study (OR = 1.12) was comparable with those for the previously reported type 2 diabetes loci in Japanese populations [36] , but not as large as that of TCF7L2 (OR = 1.51) or KCNQ1 (OR = 1.42) (S6 Table) . Rs12571751 is located at intron 5 of ZMIZ1. ZMIZ1 has been shown to express ubiquitously in human tissues, including pancreas [37] . ZMIZ1 encodes a member of the PIAS (protein inhibitor of activated STAT) family proteins, which interact with p53 [38] , and a recent report using β-cell specific p53 deleted mice showed that p53 depletion could prevent glucotoxic β-cell death in these mice [39] ; therefore, ZMIZ1 might be involved in β-cell death through p53 activation and contribute to conferring susceptibility to type 2 diabetes.
The directions of the effects for the remaining 6 SNPs were consistent with those in the original reports [16] (p = 1.56 × 10 -2 , binomial test; Table 3 ), and the GRS-6 constructed from the 6 SNPs was associated with type 2 diabetes (p = 7.9 × 10 -3 , adjusted for sex, age and BMI; Table 3 ). Since the association of GRS-7, which included the information of these 6 SNPs in addition to that of rs12571751 in ZMIZ1 locus, with the disease was stronger than that of rs12571751 alone, it is suggested that these 6 loci have some effects on conferring susceptibility to type 2 diabetes also in the Japanese population.
With regard to rs8108269 near GIPR and rs11063069 near CCND2, the association of the GIPR locus with type 2 diabetes was more significant in female in the original European study, whereas the effect of CCND2 locus was stronger in male [16] . Rs8108269 near GIPR was nominally associated with type 2 diabetes in female, suggesting that GIPR locus might be involved in the developement of type 2 diabetes in female in the Japanese population similar as that observed in the European population. Because the risk allele frequency of rs11063069 near CCND2 was lower in the Japanese population (RAF = 1.0%) than in European populations (RAF = 20.7%), and estimated power for the present study to replicate the original finding in European GWAS was insufficient for this SNP (13% for rs11063069; S7 Table) . Furthermore, the risk allele of rs11063069 was significantly associated with a decrease of HOMA-β in male (p = 0.0048 adjusted for age and BMI; Table 7 ); therfore, the risk allele of CCND2 might have some effects on the decrease of insulin secretion, and on conferring susceptibility to type 2 diabetes in male, as reported in the original European GWAS. The LAMA1 locus has been shown to be associated with lean type 2 diabetes, but not with obese type 2 diabetes, in the European GWAS [15] . We did not replicate the original associations (p ! 0.05 adjusted for sex, age and BMI; Table 5, S3 Table) . Because the present study had sufficient power to replicate the original findings for the LAMA1 locus (90%; S7 Table) , we considered that the effect of rs8090011-G in LAMA1 locus was not major in the Japanese population. These 3 SNP loci need to be evaluated further in larger Japanese cohorts.
Results found in the case-control sample were not always consistent with the findings from quantitative trait analyses in this study, a sample size of quantitative traits analyses in this study was not sufficiently large enough, but it has been shown that genetic loci for glycemic traits found in non-diabetic controls were not always linked to type 2 diabetes risk [9, 40] ; therefore, the biological significance of each locus need to be evaluated by alternative approaches.
In the present study, we did not observe any association with type 2 diabetes except for ZMIZ1 and KLHDC5 loci in a Japanese population (p ! 0.05 adjusted for sex, age and BMI; Table 3 ). Because the genotyping success rates for all of the SNPs were over 95.8%, and the genotype concordance rates were 100% (see Materials and Methods, S1 Table) , the discrepancy was not considered to result from technical issues.
We also evaluated heterogeneity in terms of genotype distributions for each SNP among individual collections bacause we recruited case and control individuals from 6 and 4 distinct institutions in this study, respectively. The results indicated that there is no heterogeneity in genotype distributions among each case or control collection (S8 Table) .
In this study, the control individuals were significantly younger than the type 2 diabetes patients (Table 1) ; therefore our control group may have included individuals who will develop the disease later, which may increase the possibility of a type 2 error, although we included age as a co-variable in the logistic regression model. Therefore, we evaluated the association of the 10 SNPs with type 2 diabetes using older control individuals (age ! 40 years, ! 50 years, or ! 60 years). The effect sizes of most SNP loci or the GRS-7 examined in this study increased when we used older control individuals for the association study (S9 Table) . Because the effect directions of most SNPs were consistent with our original findings, we consider that our conclusions were not skewed by the inclusion of these younger control individuals, although inclusion of patients who will develop the disease later may have reduced the statistical power of our study. Because the estimated power in the present study for the non-replicated SNPs did not reach 80%, except for rs8090011 in LAMA1 (S7 Table) , insufficient sample size may be a principal explanation for the discrepancies between the present study and the original European studies.
In summary, we examined the association of 10 SNPs, previously identified in European GWAS, with type 2 diabetes in an independent Japanese population. Our results suggested that rs12571751 in ZMIZ1 has a significant effect on conferring susceptibility to type 2 diabetes also in the Japanese. The remaining 9 SNP loci did not show significant effects in the Japanese population by themselves, although the effects of these SNP loci need to be evaluated in sufficiently powered, larger Japanese populations.
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